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FOREWORD

‘This final report documents and summarizes the wérk accomplished
by the E;ectriqal Engineering Department, Auburn UniVersity,»in the
performance of Contfact NA58-27827 granted to Auburn University, Auburn,
Alabéma; The confract was awarded July 23, 1971, by the George C. Marshall
Space Flight Ceﬁtér, National Aéronautics and Space Administration,

Huntsville, Alabama,
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SUMMARY

This report applies multivariable control theory to'the design of
- a hierarchial attitude control éystem for the CARD space vehicle. The
system sélectgd uses reaction control jets (RCJ) and control mdment gyros
.(CMG).. The_RCJ‘system uses linear signal mixing and a no-fire region
" similar fo that used on the Skylab program; the y-axis and z-axis systems
which are coupled use a sum and difference feedback scheme. The CMG system
uses the qptimum_steering law [4] and the same feedback signals as the
RCJ.sysﬁem. 'ﬁhen both systems are active the design is such that the
to:ques'from each sfstem.are never in opposition.

A state-space aﬁalysis was made of the CMG system to determine
the géngralvstructure of the input matrices (steering law) and feedback
métrices ﬁhat will decouple the axes. It is shown that the optimum
steering law and proportional-plus-rate feedback are special cases.

'_A third paff of the report is a derivation of the disturbing

torques on the space vehicle due to the motion of the on-board
télevision camera. A simple procedure for computing an upper bound

on these torques (given the system parameters) is included.
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I. INTRODUCTION

The attitude control of a spacecraft visiting comets aﬁd asteroids
for scientific study requires a multivariable attitude control system.
During thé journey from earth to rendezvous with the target (comet or |
A asteroid), the attitude coﬁtrol is provided by the‘thrust vector control
(TVC) system, the propulsion being supplied by a solar electric system -
augmented by a chemical propulsionvﬁnit. When the spacecraft rendezvous
with the targét, the‘attitudé control for station keeping, docking, ahd
separation fromithe target requires more capability than tﬁe TVC system
can provide.

The objegtive of this stﬁdy was to design a highly reliable attitude_
control system for experiment pointing, station keeping, docking aﬁd
separation from the target for the Comet and Asteroid Rendezvous ahd
Docking (CARD) spacelvehicle [1]. Early in the study it was determined
that a coﬁbination of a reaction control jet (RCJ) control system and
a control moment gyro (CMG) control system properly mated would be a
good approach. Such systems have been successfully used on other space
vehicles although problem areas still exist [2]. o

The RCJ system is by nafure an on-off linear control system and
for small errors will limit cycle; energy to generate torques is from
an ever-decreasing supply of pressurized gases. On the other hand thé ‘
CMG system is a continuous non-linear control system using solar-
energy to maintain the spinning of the gyros. Fof.small disturbances

the CMG»system can keep the attitude errors inside the RCJ system dead-



band. The RCJ system is aﬁailable to desaturate the CMG system'ahd to
cdrrect“fof'large disturbaﬁéeé. | .
The design objéctives giveﬁ primary consi&eration were:
.(1) Minimize er1~conéumption'when the RCJ system is the onlyi
active system, and when both systems are active design
;he system sé that the torqﬁes produced are never in bp-
pdsi;ién;
(2)jMinimizé coupling between the'three axes of the attitudé

control system.

The“spacecraft's,general appearance, size, configuration, inertigs,x
etc., were‘ﬁaken ffom the Northrup Services,‘Inc.; fin#l report of its
feaéibility study [ij Figures I-1, I-2, I-3 are taken from that reportv‘

| An additional areé of study ihcluded in this report‘conéerns  R
the disturbanéés on the spacecraft due to fhe motion of thé»écanﬁing
platform on which is moﬁnted the teleﬁision camera. A procedure'fo' 
compute the disturbing torques as a function of the television caméra'

inertias and scanning rates is included.
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Figure I-1. Baseline CARD Planetary Vehicle Concépt (from Ref 1)
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II. THE REACTION CONTROL JET ATTITUDE CONTROL SYSTEM

The attitude control system controls the orientation of the spaceF
craft with respect to the XYZ axes; the outputs are the angleS‘¢x,A¢y,
¢,. The reaction control jet (RCJ) attitude control-syétem uses cold "’
gas thrusters to produce torques about the spacecraft center-of-gravity.

The location of the thrusters is taken from [1] ; the numbering o the

thrusters and the spacecraft axes are as shown in ?igure II-1. The space~
craft center-of-gravity is at the origin of the XYZ axes and it is as?'
sumed that the thrusters produce torques in the Y-Z plame.

To simplify the analysis the dead-time, rise-time énd decay-time of
the thrusters ere neglected; in addition it 1s assumed that ali thrustersf
producg the same torque with no misalignment. Once an engine is acti-
vated it is assumed to continue to produce a constant tordue for at leasg'
fifty milliseconds. This is a commonly used value. |

The X-axis control system uses thrusters which prqduce no torques
about the Y or Z axes. The&control system uses proportional—plus—raﬁe
feedback with a saturation block in the position feedback path. Th;s.
produces a no-fire region similar to that used in the Skylab program [2].

Figure II-2 contains a block diagram of the X-axis control system -
and a phase-plane showing the boundaries of the no-fire regipﬁ. The coﬁA
troller parameters were calculated asguming that the syétem deé&band,
¢dp» and the saturation value, ¢g, were specified and that a ;rajec;ory
originatingbon the rate limit bomdary would intersect the ¢’x axis .at

¢db‘ The ¢db specification‘represents a compromise between fuel consump-



Thrusters 9, 11, 13, 15 produce
forces out of paper

Thrusters 10, 12, 14, 16, produce
forces into paper

R\l | '
Translatio

Thruster
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NOTE: Attitude control thrusters are larger than scale
to shai-nﬁﬁpéring system. '

Figure II-1. RCJ Attitude éontrol Thrusters
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Figure II-2. X«~axis RCJ Attitude Control System



tion and steady-state accuracy; the rate ledge specification represents a -
compromise between fuel consumption and speed of response.
Ay is computed in the following manner:

Assume ¢.= 0 and €4 < - ¢g4, so that

. dé | _
¢ = _ X = - -
X It My _ (I1-1)
Also  déy ='<.b o (11-2)
dt x

Dividing (II-2) by (II-1) yields

Bx 2o,
déy My
or d¢ = - :bx d:bx

My

Integrating and requiring that the trajectory go through (¢4,,0) yields
. 2
Ox

For - ¢p < ¢, < ¢p , the boundary is given by

1
0 + 6. = dqp (11-3)

€x =~ %ap = ~ (A ¢ + ¢x) (11-4)

For the curves given by (II-3) and (II-4) to intersect at ¢x =

-9g requires that

A, = *r * *ap | | (11-5)
2My
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( ¢R' ¢db) ”T

The rate ledge is
| v (g + dgp)

Since the Y and Z axes share thrusters a linear—signalvmixing scheme
[3] is used to insure that opposing thrustefs_aré not energized at -the
same time. A block diagram of the system is shown in Figure II-3. Ay
and A;; are calculated in the same manner as Arx.

For the digital simulation the rate ledge is taken to be 0.172
degrees/second. From [1] bap = 0.3° and the acceleration produced in

each axis, for error in that axis only, and the thrusters producing the

acceleration are:

X axis: Solar panels rolled: +.208 deg/sec2
(pitch) Solar panels extended: +.031 deg/sec
+$, produced by thrusters 1,3,5,7
ol produced by thrusters 2,4,6,8

Y axis: Solar panels rolled: +.0391 deg/sec?
(yaw) Solar panels extended: +.0214 deg/sec2
+5y produced by thrusters 9, 11, 14, 16

~dy produced by thrusters 10, 12, 13, 15

Z axis: Solar panels rolled: +.0378 deg/sec?

(roll) Solar panels extended: +.0126 deg/sec?

+3, produced by thrusters 10, 11, 13, 16
-3, produced by thrusters 9, 12, 14, 15

Some typical trajectories are given in Figures II-4 and II-5.

A modification to this system was made which gives promise of bétter
performance. In place of‘feéding the position signals ¢y and'¢z‘to the
saturation blocks, ‘the sum and differemce, (¢y + ¢z) and (¢ - ¢y) are
the inputs to the saturation blocks. The block diagram of this systém is

given in Figure II-6. Figure II-7 is a phase-plane plot showing the bounda-

ries of the no-fire region. Figure II-8 is a typical trajectory for this system.
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Thrusters 12,15 Thrusters 11,16

Thrusters 10,13

]

v —

bcz JI\E 4 -ap AN 9z
(ROLL) . + ¢ b

7 11
?L // A1z &

Thrusters 9,14

Figure II-3, Y-and-Z-axis RCJ A’};titnde Control System Block Diagram
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Figure II-6.

Y-axis and Z-axis RCJ System Using Sum and
Difference Saturation Signal
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Figure II-7. Boundaries of No-Fire Region for RCJ System Using Sum
and Difference Saturation Signals.
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Comparlng the data presented in Figures II-4 and II-8, it can be
seen that the modified system is slower but the fuel consumption (based
on both the ¢ and ¢ errors being less than the deadband value) is re-
duced. Further work is needed to determine ifthe rate-ledge and feed-
back gains cap-be changed so that the modified system has comparable
speed of response with less fuel consumption. It should be noted that
with this mbdification‘the (¢z + ¢y) controller and the (¢y - ¢,) con-
troller afe decoupled even when the saturation limits are activg; thrusters
11, 12, 15; 16 aré active for (¢, + ¢y) errors and thrusters 9, 10, 13, 14

are active for (¢z - ¢y) errors.



III. THE CONTROL MOMEMT GYRO ATTITUDE CONTROL SYSTEM

The control moment gyro. (CMG) attitude control system also
controls tﬁe angles ¢4, q>y, ¢,. The control System simulated in this
study uses the optimal steering law proposed in [4]. The CMG cluster
arrangement is shown in Figure III-1. Part A of this section gives.the :
block diagram and system equations in matrix form as taken from [41.
Part B is a 'genekral state-variable analysis to determine the general
structure of the input .and feedback matrices that will decouple the

X, Y, and Z axes.

Part A. System Simulation Using the Optimal Steering Law [4]
A block diagram of the system is shown in Figure III-2, With the
outer gimbals clamped, the outer gimbai rates §3(1), 53(2), &3(3) are

zero. The equations for the reaction moments, in matrix form, are:

“va» s11) | |
Mevy . " [A] §1(2) | , where ' : (ITI-1)
Mgy 51(3)
sin(s1(1))cos(83(1))  cos(31(2)) —s1n(51(3))sin(53(3))
(4] = |-s1n(81(1))sin(53(1)) sin(31(2))cos(53(2)) cos (51(3)) (111-2)
cos (51(1)) ~sin(51(2))8in(83(2))  sin(81(3))cos(53(3))

The steering law [Tg] gives the commanded gimbal rates in terms of the

commanded moments.

18
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S1) o g
8§1(2) ¢ = [Tg] Moo (111-3)
31(3)c ’ Mgy

Assuming that ﬁhe actual gimbal rates are equal to the commanded ginbal
rates, the relationship between the commanded moment and the reaction

moment is:

Mpxv XV
Mpgy| = 1A ] Meyy ' (111-4)

Mpzv ' Mezv

It is desirable that the reaction moment equal the commanded moment,

which requires that:

[A][Tg] = [1], where[I] is the identity matrix. A (I11-5)
The steering law is thus given by

[Tg] = [A]_1 . where[A]-'1 is the inverse of the matrix A. It

should be noted that [A] is singular at some operating conditions..

There is one vehicle control loop for each of the three axes. A

rate-plus-position feedback is used for each of the vehicle control
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loops. "The vehicle control law output is processed to obtain the moment
command. This moment command is compared to the actual moment and”
the error is uséd' together with the optimal steering law, to provide the:
proper reaction moment on the vehicle,

A digital computer simulation of the three axis CMG attitude con-

trol system has been written and is included in the Appendix.

Part B. A State-Space Atialysis of the CMG System (Clamped Mode) for

Axis Decoupling

The object of this analysis is to write the system equations in
state-space fom and determine the form of the input ﬁatrices and the
féedbéck matrices that will minimize or eliminate .the coupling betweén
the X, ’f, and Z axes. In the first phase of the stu.dy the torque
motor dynamics are negiected but are included iﬁ the second phase.

Phase 1. Torque Motor Dynamics Neglected

The open;loop system is shown in Figure III-3,. Let the states and

~

the inputs be defined as

o - - .
X, o 1 u 811
x=[x,] = :#x 3 the input, u = ixz = él
xy : | ¢y as] - L513 | (I11-6)
X, ¢y \
%5 2
_x6J .¢24
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Then the state-space equation is

where

[0 1 0.0
[Ac]J= |0 0 O O
0 0 0 1
C 0 0 O
0 0 0 O
0 0 0 o

0o o 0

[Bl= (1L 0 0

6x3

, o 0 O

o 1 0

0o 0 0

0o o0 L

6x3

To decouple the axes let

u= [Ts] ¢c + [Fj] x where ¢c =

3x3 3x6

24

0 0]
0 0
0 0
0 o0
0o 1
0 o]
[J1[A]
3x3 3x3

[Ts] and [F,] are decoupling matrices.
1 .

(111-7)

(iII-S)V

(111-9)

= desired output angles and (III-10)



25

Then
% = {[Ae] + [BI[F]} x + [B] [Ts] sgc o (111-11)

For the axes to be decoupled, [B][Ts] must have the form

0 0o o0 |
Yo 0 O
0 0 0
0 742 0
0o 0 O
0 0 Y3

where the y's are nonzero.

Thus [Bl{Ts] = [0 o o |
Y 0 O
0 0 . 0 _
0 Y42 0
o o0 0
0 o0
0 0 0]
1 0 0
0 0 0 ’ o ,
[J]IA])ITs] (I11-12)
o 1 o0
o 0 O

lo
=
b
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[J] is a diagonal matrix of full rank, so thié condition can be

satisfied only if [A][Ts] is a diagonal matrix of full rank.

In addition, [Ae] + [B][FI] must haﬁe the form

oy 1
®21
0
0
0
0

0

a, 0 0 0
agy O o o
0 a3z a3, 0
0 o3 ay, O

0 0 455
o 0 0

%5

0

—

0

0

0

%56

a6ﬂ

where same a's in each sub-block are nonzero. Since [Ao.] has the above

form, then [B][F}] must also have the above form.

Thus [B]1[F;] =

28!

%21
0

a2 O
arg O
0 a3z
0 43
0 0
0 o0
0
1
0
0
0
| 0

@34

%44

@55

%65

(I11-13)

%56

“66_

[J1[A][F,] (I11-14)
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This implies that [A][Fl] mustvhave the form

where a B in each row must be nonzero to have a feedback sigﬁal.
Thus the conditions for axes decoupling are that
(1) [A][Ts] be a diagonal matrix

(2) [A][Fl] have the form

= a constant times Bjj

" " " ”

Ba3

‘B3g

then the feedback is proportional-plus-rate and the decoupling can be

achieved as shown.

[Ts]

(Al

{Fy]

I



28

where [F1] =10 0 "1 Ay 0 0

1f [A][Ts] = [I], the identity matrix, then this implements the optimal

control law of [4].

Phase 2. Torque Motor Dynamics Included

Assuming that the torque motors can be represented as first~order
systems with time-constants, Tm, the open-loop-diagram is as shown in
Figure III-4 where uj, uj, uj are the input signals to .the torque motors.

The states and the input vectors are

}x

S

X

-
<

c.
—

s u = u,l = input to the torque motors (III-15)

)
i
Ore B¢ o -]
N
[=
W

11

812

Then the state-space equation is

: (41 81 ] =] [0] S

T = r ——= e : _

2 o1 {-L J 2 jarern B (111-16)
o Tm .



le.

g o [A] - o [J]

Figure ITI-4. Block Diagram' of Open-loop CMG System;
‘ .Clamped Mode and Torque Motor Dynamics
. Included '

[= N I

6c
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To decouple the axes let

X ' ‘ : ‘
u = [Ts] gc + [[F1] | [Fpl] [—--J ' , ~ (III-17)
o , z| A
= [Ts] ¢c + [F1lx + [Fplz S  (11I-18)
Thus
X = [Ao]x + [Blz - (I111-19)
1 1 1 : : :
2z =p[Fy - 112+ I 1x + TplTslgc - (11I-20)

Assume that [al, [1s], [F1], and [Fy] are constant matrices for sméll

cﬁanges about a steady-state operating point. Then
x = [Ao] _‘:5+"‘ [B] z | | ‘ B - (III-21)
o ([4¢]2 +L_[B][Fy1)x + ([Ae][B] + L[BI[Fy - 1]}z + L [B](Tslge (IT1-22)
Tm ‘ Tm Tm _

To découple the axes, [B][Ts] must have the same form as in Part A and A
as before [A][TIs] must be a diagonal matrix.

Continﬁng,
%= ([40)3 + LBIIF111A] + 1[4 1IBIIF1] + 1 [B)(F2 - T1[F1ldx +
o | . 1 o
([(412(8] + LiB1(F,1[8] + 04 1IBIIE, - 1) + 1o BIF, = 112z +

(ilae] [B][16] + 1 (B1Fy - T][Te]}ge + Lsirrslpe - (1129
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| 1 1 |
To decouple the axes, E[AQ]‘[B][Ts] + EZIB][FZ - I}[Ts] must have the

form

Y11 0 0
Ya1 O 0
0 Y32 0
: 3 avyy in each sub-block
0 Y42 0 . j is nonzero

The previdus condition stipulates that [B][Ts]have this form. It is easy
to show that [Ac] [B][Ts]has this form. Therefore [B][FZ'] [Ts]must also '
have this form. This condition is satisfied if [F ] is equal to a con-

stant times the identity matrix,

Let [Fp - I] = kp[I] | S (III-24)
then | |
z= ‘T‘iZf—-[F]x+lT—slgc | . (111-25)
and |
[B]Z = k2 [B]Z + [Bqlrfll X+ Elfls-lgc ; - (11;426)

and solving (III-19) for [B] Z gives

8]z =k X+ (_[E”ﬂ]. - k2 [A°]> x + [BLITs] 4 (111-27)
Tm Tm Im Tm o :
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This substituted into (III-21) yields

% = ([Ao] + k2[1]} % + ([BI[F1] _ k2 [a0]) x +.&]_E_“§l.¢c (11I-28)
' Tm- Tm Tm - Tm

This equation yields an additional requirement for decoupling; (B1[F1]

must have the form

' .&11 012 0 0 0 0
Gpy © %92 0 0 0 0

° 90 @43 %4
0 0 0 0 ags osg

ol

where some o's in each block are nonzero.
This result is the same as that derived in Part A and implies that

[A]1[F1] must have the form

as was the case in Part A

To summarize, the necessary structure of the matrices to decouple

the axes is that
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(1) ‘[A][Ts] must be a'diagonal matrix
(2) [F;] must be a constant times the identity matrix

(3) [Al[F,] must‘have the form

Bll BlZ 0 0 0 0
0 0 323 324 0 0
0 0 0 0 B35 B36

The system with feedback is shown in Figure III-5.
With proporfionél—plus-rate feedback the system takes the form

of Figure III-6. Iﬁ this form the [F;] matrix, a kz[i] matrix, does not
aid in the axes decoupling. However, if this diagram is redrawn in
terms of the original set of ﬁariables in a modified form, Figure I1I-7,
where it is assumed [Ts] is non-singular, then sincé i; is_desirable.
that [Ts]{A] = [1I] [Ts]“1 = [A], the system can be implementéd aé
shown in Figure III;8. This is the system implemented in [4] with the
objective that [Ts]tA] = [I1]. Hoﬁever, this cannot be accomplished under
all conditions sincg [A] is singular (and thus [Ts]) at some.operating
conditions. This problem is minimized in_[ﬁ] by proper selection of the
angles at thch the outer gimbals are clamped and‘by placing a limit on

the minimum value of |det [A]| used in the computation of [Ts].



{B]

(a1

1.

Figure III-S5. CMG Closed-loop System; Clamped Mode
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Tm
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Figure III-6. (MG Closed-loop System with Proportional-plus-Rate Feedback;

Clamped Mode.
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Figure III-7. Closed-loop System; Proportional-plus-
rate Feedback; Clamped Mode
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Figure III-8.

Closed—loop System; Propoxt10nal~plus-
- rate Peedback; Clamped Mode _




IV. COMBINED REACTION CONTROL JET AND CONTROL
' -MOMENT GYRO ATTITUDE CONTROL SYSTEM
. The reaction control jet (RCJ) attitude control system'and the

control moment gyrol(CMG)’attitude control system are combined.to
operate.as a single attitude controi system. The objective waé to
mate the'systems so that the torques generated by each system ére
never.in opposiﬁion, speed of response ié improved, and fuel consump-
tion by the RCJ system is reduced. |

The RCJ syét:em uses the sum and differencé feedback contrél desc.ribed
in Section II of this reporﬁ. The CMG system uses the same sum and dif—‘
ferencé feedBack'signals as are genérated in the RCJ system, €, €ys €go
A block diégram'of‘the CMG system is shown in Figure IV-1. The satu-
ra;ion blocks in the position feedback paths are used to place the CMG
torque reversal iines in the center of the RCJ no-fire regioﬁs. The phase-
plane plot of the no-fire boundaries of the X-axis and a typical response
are shown in FigureFIV—Z. A phase-plane plot of the no-fire region of
the sum (¢, + ¢y) and the difference (¢, - ¢y) systems and a typical
response are shown in Figure IV-3. Thg same data plotted for each axis.
is shown in Figure IV-4,

The CMG syétem torques aid the RCJ system torques wﬁenever the RCJ's
are firing and the CMG torques tend to hold the RCJ system inside_the no-
fire regions. A diéital computer program to simulate the combined syétems

is described in the Appendix.

36



¢ L 1. 1 ¢x 1 bx 1 ¢x
> 4 >
4,5%¢ Ts + 1 Jx . s S
=4 . h B
—_——— —_— Al x
T =TT FPX L Je ¢%
: ~ . — - R
Z
- o _
= . 2
[+ T =7 .
m = .. ¢ ¢
2 Ll B EYRNEN gy BNy »
N 4.59 T8+l <) Jy LS 3
o Tsec & :
= - |
3
$
._l 1 . 1 ¢Z N 1 &z 1
4.59] (T8l Jz = ==
sec
Alz
oR :

. Figure IV-1. <CMG System with Sum and Difference Saturation Signals.

Le.



, RATE LIMIT _
TT777 7777 777777 777 77777

CMG TORQUE
&~ REVERSAL LINE

Lok 4 2 ¢ L 4 2 2 42 2 2 2 4 4
RATE LEDGE
2 1 4 1
T 1§ L L]
-4 -3 -2 -1
t = 12.62
RATE LEDGE = 0,172
Ay, = 0.14254
$px = 0.54516
»PX = 500
Jy = 1127

FUEL CONSUMPTION = 3.92 (ENGINE SEC).

+ 4 - X
2 3 4
W
o
_ RATE LEDGE
r7 77777 7 7 7 7 7 7T 7T 7 "\\
t = .56 sec.

2. .4 [ [/

N

L L [

CMG TORQUE REVERSAL LINE

RATE LIMIT

Figure IV-2. Phase-Plane Trajectory of Combined RCJ and CMG Svstrem

L1 1 ¢t 2 2



_ bz + by - by
1 ol n ] i 4 4 i | ' | 1
LB T 1 T T 1 L 1 T 1 ! T
3 4 5 6 7 8 9 10 11 12 13 14 1%
t = 1.46 se
—(eR - edb) T 77 L4 r—r 7 7T TrT7 7 7 7 7 7 7 77 7T 77 T 7 77 77 7

_t = 58.6 sec ’

ad

_eRy 1

L L [ 4 4 4 2 g

-(eR + edb)

t = 17.2 sec

t =17.2 gec

~——

Lok £ 4 L 2 [ 4 £ L 4 4 4 4

{4 4 L ¢t £ L L L+ £

- -eRz <r-1 ~atlf

6€

INITIAL CONDITIONS

¢yo = 10
¢YQ =0
920 = 5°
0 = 0

DESIGN PARAMETERS

dqp = + 3° $gry = 1.0018
RATE LEDGE = .172 dRz = 1.0182
M, = .0391 FPY = 1000
M, = .0378 FPZ = 1000
Ayy = 4.080 Iy = 2947
Ay, = 4.1757 J, = 2918

Figure IV-3.. Phase-Plane Trajectories of Combined

RESULTS
1. Time to reach and remain inside deadband

¢x+¢‘y -
¢x—¢y -

- 63.0 sec
21.4 sec

2. Fuel consumption at

- 63.0 sec -
21.4 sec -

RCJ and CMG Systems

5.92 Engine-sec
5.92 Engine-sec
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t=58.6 sec.
-.14

t=17.2 sec. “\\\ .| ©586 sec.
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t=1.5 sec.
5
INITIAL CONDITIONS DESIGN PARAMETERS RESULTS
¢yo = 10° édb = + .3° 1. Time to reach and remain
. ' RATE LEDGE = ,172 inside deadband:
dyo = 0°/sec. My = .0391 Y - 60.4 sec.
- ‘ M, = .0378 Z - 60.6 gec.
¢zo = 5° . Ay = 4,080 2. Fuel consumption at
- | Ay = 4.1757 60.4 - 5.92 |
$20 = 0°/sec. ¢y =  1.0018 60.6 - 5.92
' bpz = 1.0182 (One unit is the energy
FPY = 1000 ' consumed by one thruster
FPZ = 1000 _  firing for one second.)
Jy = 2947 ' ' '
J, = 2918

‘Figure IV—A. ‘Phase-Plane Trajectories,of Combined RCJ and CMG Systems .



V. COMPUTATION OF DISTURBING TORQUES DUE TO
MOTION OF THE TELEVISION CAMERA

The préposed CARD Spacecrﬁft has an on-board television camera.which
 is used during orbiting or landing to view the terrain and proposed landing
sites. The TV camera énd its mount are constrﬁcted to permit rotation
about two axes. fhe purpose of this-section is to develop a procedure for
computing the torques about ﬁhe spacecraft center-of-mass produced by motion
of the télévisidn c#mera.

The genéral shape, dimensions, and mass of the TV camera and its mount
are scaled from Figure 4.5 and Figure 4.83 of keference 1. Based on these
figures the TV éameré aﬁd mount are assumed to have the general form and
dimensions'of Figure V-1. It will be treated as a'rigid,lhomogeneous-masé.
The XY plane 15 a plane of symmetry énd the XYZ coordinates of Figure V-1
are paraliel to the spacecraft XYZ coordinates,

The additidnal‘assumptions made are:

1. Thé spacecraft (main por;idn) angular velocities are small compared

to the relative angular velocities of the television camera.

2, The motion of the system (main portion plus the TV camera) center-
of-mass due to TV camera rotation may.be neglected in computing
inertia characteris?ics. |

Part A. Derivation of Torque Equations#*

The inertia matrix of the TV camera and mount is

*This approaéh was outlined by'Dr. John E. Cochran, Assistant Professor
of Aerospace Engineering, Auburn University.

41
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&'1‘ —-————— .
-;’-— —-{-——-———/—m ————————— - -
t
1
M |
c —
2 ‘* 2 1 X, = .575 ft
-~ B L 1
| YzL Phe Y, = 1.56 ft
X :,,f'_t'_.«c —TTC 5 -6
' e— 1.15Ft—p _1
My = 2.49 lb-sec /ft _ _
R 2 , = .575ft
M, = 1.72 1b-sec”/ft _
| Z,=0

Figu're V-1. Television Camera and Mount
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(v-1)

where certain cross-product terms are zero since the XY plane is a plane
of symmetry. The direction the TV camera points is described in terms
of two Euler angles; first a rotation Y. about the Y axis and second a -
rotation @, about the Z. axis as is shown in Figure V—Z.

Let w1, w2, w3 be the angular velocities of the TV camera about the

Xe Ve 2 aXes respectively. Then in matrix form the angular momentum

vector is
' - | Ixx Ixy O wy
My y.z. ~ : '
¢’cte Ixy Iyy O w2 (V-2)
0 0 IZZ W3'

The torque vector is

T
IT]XCYCZC = T2 = ______dIH] ¥cYc?e (v-3)
dt
T3

Performing the indicated operation [5], [6] yields

-

Ty Toxwi- Ixy wo + I,,wow3 + Ixy wiw3 = Iyy Wow3

T2 = I*yWZ- Ixy w1 - IZZW1W3 + IXX wiwg - Ixy WowW3g : (v-4)
y 2 2

Ty Izzw - Ixy LAY + Iyywlw2 - Ixx WV, + Ixy Wy



44

3

(1) rotate Y about Y axis
(2) rotate ©. about z. axis

XoY¥c2. are TV camera axes

Figure V-2. Television Camera Coordinates



where

and

is

<

N

; sin Oc
;c cos O,
oc
Qc sin 0, +
;c cos Gc -
O¢

cos O - ¢

w1
WZ' =
W3 ‘L.
Wl
WZ =
W3
Let Ty, Ty,
cos Ye
= sin Oc
~-sin ¥,

cos O,

45

-
0

@e
(¢}

cos

l[oX]

sin

OS Ye sin Oc
cos O¢

sin Y, sin Oc

sin Y¢

0

cos Wc

- (V=5)

(V-6)

(V-7

Performing the indicated operations results in the following expressions

for the disturbing torques about the spacecraft center-of-mass, written in

terms of the TV camera and mount inertias and the Euler angles O, and ¥o!

Tx = g T~ IX}Z sin ZOc - Ixy
' 2

cos 20, { (cos ¥o) ¥¢ +

Igy) cos 20, + I,, + 2Ixy sin 20c}(cos Ye) ¥e 0c +

{Izz sin Wc} 0c +
(14 -
{Ixy cos zec - (I vy

2

I,.) sin 20.} (sin v Yo

(v-8)



_ .2 2 -1 . -
T = {Ixx sin® 0, * Iyy cos” 0, xy sin ZOC} Y, +

{(Igg - Iyy) sin 26; - 21, cos 20c} ¥. 9% (v-9)

N
T, = {Iy cos 267 (= Lgx + Iyy) sin 20, }(sin ¥) ¥,
2

{—21xy sin 20, + Iyy cos 20 ~ Lx

cos 20, = Iz} (sin ¥ ¥cOe

5.
+ Izz (cos ?c) Oc

L] 2 .
sin 20, + I, cos 20, } (cos Wc) ¥ (V-10)

Part B. Computation of the Inertias for the TV Camera and Mount
The TV camera and mount are considered as two rectangular blocks with
centers~of-mass at C and C2 respectively, as shown in Figure V-1. The

equations to compute the inertias of rectangular blocks are well-known

[6] and yield for Mj, about Cj >

2 2
leyl = M]_(l;-2 + ¢5) = ,28 1b-ft-sec2
_ 2 2 = - 2
Iyiy1 = Ml(iz + ¢%) 1.27 1b-ft-sec
I = (a2 +bd) = 1.27 Ib-ft-sec?
zlzl T .

where M; = 2.49 lb-sec?/ft

2.33 ft

[
"

0.82 ft

o
]

c = 0.82 ft
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For M2 about CZ’

0.285 1b-ft-sec?

I = Mz(b2 + cz)
XZXZ
12

5.285 1b-ft-sec?

= My(c? + a?)
12

= M,(a% + b2)
12

IY2Y2

0.378 lb-ft-sec?

1
Z222)
where

1.72 1b - sec?/ft

=
]

1.15 ft

Y]
[]

1.15 ft

o
]

= 0.82 ft

(¢]
f

The parallel-axis theorem [6] is used to compute the moments—of-in-

ertias of the two bodies about C. This yields

' 7 2 72 cec?
= + I, ., +MY“+MY: =7.1 -ft-
Lex = Ixpxg® Txgxg™ MYy + MYy = 7.193 db-ft-sec
+ I + M ifz.* 2.34 1b—ft—sec2
Iyy = Iyiy1 ¥ Yyyp TR '
1 =1 +1 + M) (le + iiz ) + MZCYZZ ) = 9.05 1b-ft-sec?
z22 lel 2222 . o

The non-zero cross-product term is

. _ ¥V = - 2
Ixy = Milel 2.22 1b~-ft-sec

where the values of 3(—-1, 'Yl’ ?2 are listed on Figure V-1.
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Part C. Compﬁtation of Disturbing Torques
The inertias computed in Part B are substitutéd in (V-8), (V-9),

(V-10). - The resulting equations are

{2.425 sin 20, - 2.22 cos 20.}(cos ¥, )¥c +

T, = 26

9.05 (sin ¥ J)0c +

{4.85 cos 20, + 9.05 + 4.44 sin 20.}(cos ¥ )¥.6. *

{2.22 cos 20, - 2.425 sin 20.}(sin WC)WCZ (V-11)
T, = {7.19 sin? O_ + 2.34 cos® O, = 2.22 sin 20.}¥. *

{4.85 sin‘zec - 4.44 cos ZOC}@Céc (V-12)
T, = {2.22 cos 20, = 2.425 sin 20.}(sin ¥ ¥, 4

9.05 (cos Wc)éc +
{~4.44 sin 20, - 4.85 cos 20; - 9.05)}(sin Wc)@céc +

{-2.425 sin 20, + 2.22 cos 20 }(cos ¥J¥ 2 . (V-13)

To obtain numerical values for the disturbing torques it is necessary
to assume scanning rates and accelerations for the TV camera. It is

assumed that these values are bounded by
-10°/sec< s @c < + 10°/sec (.174 rad/sec)

_10°/sec? < Oc, ¥o < + 10°/sec?(.174 rad/sec?)

Interest is in thOse conditions which result in large disturbing torques.
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The entries in Table 1, except for the one designated "upper bound" (but

not least upper bound) were computed for selected values of O¢ and Y¢

by assigning scanning rates and accelerations so all terms are of the same

sign and thus additive.

The entry in Table 1 designated the "upper bound" was computed by

maximizing (or minimizing) .each term in (V-11) with respect to O¢ and

assigning the polarity of the séanning rates and accelerations so all

terms are pbsitive. Next ¥, was determined by solving 3Ty = 0.
' Y.
c

The following illustrates this procedure:

Referring to (V-11l) let

£,(0g) = 2.425 sin 20, - 2.22 cos 20,

3£1(0c) = o yields 0, = -23.75° and £1(~23.75°) = 3.287
BOC'

£2(0.) = 4.85 cos 206, + 9.05 + 4.44 sin 20,

8§%(Gc) = 0 yields 0_ = +21.25° and f, (21.25°) = 15.62
c

£3(6¢c) = 2.22 cos 20, - 2.425 sin'29c

3£3(0c) = 0 yields O = -23.75° and fg (-23.75°) = 3.287
90¢

Next the scanning rates and accelerations are chosen so all terms are

positive. This yields
Ty = (3.287)(.174) cos Wc + (9.05)(.174) sin Y. +
(15.62) (.174)2 sin ¥, + (3.287)(.174)% sin ¥,

(V-14)
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Evaluating BTX =0 yieldg ¥, = 58°. This value gives
a¥.

Ty = 1.97 lb-ft-sec?

upper bound

The disturbing torques computed are comparable in magnitude to
the torques available from the RCJ thrusters which for comparison purposes
are listed at the bottom of Table 1. The conclusion to‘be dravn is thét
for the dimensions, mass, and scanning rates and accelerations assumed,
the dist#rbing térques are significant. Equations (V-8), (V-9), (V-10)
and the procédure outlined for computing an upper bound on the disturbing
torque can be used to study the effect of changes in the pérameters of

the TV camera and mount.
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T4 Calculations

Oc Ye Oc ¥e Oc ?c Torque
| _deg deg | deg/sec| deg/sec| deg/sec?|deg/sec? | 1b-ft
-23.75 20 10 10 0 0 " .2900
21.25 0 10 10 0 0 . 469
45.0 0 10 10 0 0 .3021
21.25 | 18.6 10 10 10 10 9477
-23.75 81 10 10 10 0 1.6953
0 63.9 10 10 10 -10 1.8294
-23.75 63.9 10 10 10 -10 1.8742
— 58 10 10 10 -10 1.97%
Ty Calculations
11,65 -— 10 10 - 10 .223
21,25 — - 0 — 10 .2595
-30.85 _— 10 10 -_— 10 1.16125
Tz Calculations
21.25 90 10 10 0 10 4729
-23.75 26.8 -10 10 10 10 1.87688

* 'Upper—bound

note:

RCJ torques are:

Tx

Ty

T

z

1.8 1b-ft
1.28 1b-ft
1.28 1b-ft

Table 1.

Disturbing Torques due to Mbtidn-of Television Camera




VI. CONCLUSIONS AND RECOMMENDATIONS

One objective of this study was to design a highiy reliable attitude
control system for experiment pointing, station keeping, docking énd
separation from the target-for,the CARD space vehicle. The design
presented herein is based on using a RCJ attipude control system and/or
a CMG attitude cﬁntrol system. The combined system was designed so
that the torques from each system are never in opposition and to minimize
cross-coupling of the axes.

The RCJ attitude control‘system uses a no-fire region similar to
that employed on the Skylab program [2]. A modification was introduced
wﬁich results in more predictable phase~plane trajectories for the
Y-axis and Z-axis control systems and shows promise of improved
performance. In essence, in place of controlling ¢y and ¢,, the Y-axis
attitude and Z-axis attitude respectively, the feedbacks are arranged
so that (¢z + ¢y) and (¢z = ¢y) are being controlled. .If the_phase—
plane trajectories are plotted as (Alé$z + Alyéy) vs (¢, + ¢y) and
(Alzcisz - A1y$y) vs (¢z - ¢y) rather than éz vs ¢, and éy vs ¢y then
the trajectories can be superimposed on the no-fire boundaries. More
test ruﬁs need to be made to evaluate this system.

The CMG system simulated for this study uses the optimum steering
law described in [4]. This steering law was chosen for convenience;

the approach to designing the system was general and could have eﬁployed
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any steering law. The state-space analysis of the CMG system led to
the required structure of the input matrix (steering 1aw).and of the
feedback matrix if the system axes are to be decoupled. The optimum
steering lay and proportional-plus-rate feedback are shown to be
special cases. Additional work is needed.to determine if this approach
will lead to better steeriﬁg laws and feedback schemes.

In the attitude control system using both the CMG's and the RCJ's
the feedback for the Y-axis and the Z-axis are the sum and difference
signals. Tﬁe torque reveréal line of the CMG system was designed to
be in the middle of the RCJ system no-fire region. With this design
the two systems never produce opposing torques. Additional phase-plane.
trajectories.are_needed tb fully evaluate this system and othef CMG
torque reversal lines need to be investigated.

Another objectiverf this study was to derive a procedure for
computing the disturbing torques due to. the motion of the on-board
TV camera. The equations for the torques in terms of the TV camera
and mount inertias and scanging rates aﬁd accelerations were derived.

A simplified procédure for computihg the upper bound (but not the least
upper bound) ©f the torques Qas outlined. More precise compﬁtations

can be made once the camera requirements are better defined.
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APPENDIX ATTITUDE CONTROL SYSTEM SIMULATION PROGRAM

RCJ Attitude Control System - Linear Signal Mixing - Sum and Difference
Feedback

and/or

CMG Attitude Contr01'System - Optimum Steering Law - Sum and Difference

Feedback
Input Data
DELT - Integration step size, seconds
PRDEL Print increment, seconds
FINTIM | Total simulation time
INERTX : _ _ x—axisAmoment-of-inertia, 1b-ft-sec>
INERTY y-axis moment-of-inertia, lb-ft—sec2
CUTOFF : Minimum absolute value of det [A]
GSTOP _ . Gimbal stop, radians
FPX ' ' x-axis position feedback gain
FPY y-axis powition feedback géin
. FPZ z~-axis position feedback géin
AMX ' x-axis acceleration due to RCJ thrusters
deg/sec - '
AMY : y~axis acceleration due to RCJ thrﬁsters
deg/sec
AMZ z-axis acceleration due to RCJ thrusters
deg/sec.
RLDGX _ x-axis rate ledge, &eg/sec
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RLDGY

RLDGZ

PDB

TQMTRL

PHIX
PHIY
PHIZ
DPX

DPY
DPZ

DEL
DEL
DEL
DEL
DEL

DEL

11
12
13
31
32

33

56

y-axis rate ledge, deg/sec

z-axis rate ledge, deg/sec

Deadband, deg

Torque motor rate limit, rad/sec

Initial
Initial
Initial
Initial

Initial
Initial

Initial
Initial
Initial
Clampgd
Clamped

Clamped

value of x~axis angle, deg

value
value
value

value

value
value
value
value
value
value

value

of

of

of

of
of

of

of

of

of

of

of

y-axis
z-axis
x-axis

y—axis

y-axis

angle, deg

angle, deg

rate, deg/sec

rate, deg/sec

‘rate, deg/sec

611, deg

8§12, deg

§13, deg

8§31, deg

832, deg

5§33, deg
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Rt AL MXCMNDyMYCMNC,MZCMND,MXCMDE yMYCMDE ¢yMZCMDEyMRXyMRY ,MRZyMTRXC,
b INERTX o INERTY o INERTZ yMl gM2,M3,MLINT,M2INT,M3INT

CUMMON RACIAN, INERTX, INERTYZINERTZ+PX,FPYFPZyFDPXFDPY,FCPZ
COMMON/BL/ULOT1140LDT12,0LDT13 yMXCMND (MXCMDE ¢ MR X, NRY s MRZ 4 MTRXD,
% CDTL1C,COT12C4CDT13C,DEL31R,DEL32RyDEL33R,,CUTOFF,GSTCP,
$ ' EX EYIEZDDPXTCOPYTLDOPZT o TRXV,,TRYV,TRZV _
CUMMCN/B4/ALX3A1Y4ALZ,PRX,PRY,PRZ

DELT =0.02

PRDEL =0.2

FINTIM=60.

INERTX=1127.

INERTY=2947,

INERTZ2=2918.,

CUTOFF=.05

GSTOP=3,

FPX=7CC.

FPZ=1CCO.

AMX=,2C8

AMY=,C39]

AMZ=,0378

RLCGX=,172

RLCGY=,.172

RLCGL=.172

PDB=.3

X1=4 ., %PLB*AMX+RLDCX%%?2

Y1=4.%PCBEAMY+RLDCY**2

Lil=4,%PCB*AMZ+RLDGZ%%2

X2=8 #AMX % (2 ¥ AMX%PDB%%2-PDBXRLOGX*%%2)

Y2=8 %ANY % (2. %AMYXPDB%%2-PCBRLOGY**2)
L12=8%AMI% {2 #AMZ*PDB**2-PDB*RLDGZ%%*2)
PRX={X]1+SQRT(X1*%2-X2))/ (4. *AMX)
PRY=(YL+SCRT(YL%*%2-Y2))/(4.%AMY)
PRZ=(Z1+SQRT(21%%2-22))/(4.%AMZ)

ALX=SCERT((PRX+PDB)/(2.%AMX))

ALY=SCRT{(PRY+PDB)/(2.%ANY) )

ALZ=SCRT((PRZ+PDB)/{(2.%AMZ))

WRITE(E€920)A1X,A1Y4A1Z

WRITE(6930)PRX4PRYPRZ '

FORMAT('1%,'A1X ='yE12.594Xy'AlY =',£E13.594X%X,'A1L =',E13.,5/)
FORMAT(T *,9PRX. =%,£13.544X,'PRY =',E13.544X,'PRZ =% ,E13.5////)
PHIX=E,

PHIY=C.,

PHIZ=0. .

Dp X =0.

oey =0,

DP2 =0,

DEL11=C.
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DEL12=0.
CEL13=C.
MLINT=C.

MZ2INT=C.

o

100

110

M3INT=0.

CEL31=45.

DEL32=45.

DEL33=45,

RADIAN=57.29578

DELL1R=CELLL/RADIAN

DEL12R=0EL12/RADIAN

DEL13R=CEL13/RADIAN

DEL31R=DEL31/RADIAN

DEL32R=DEL32/RADIAN

DEL33R=CEL33/RADIAN

TEST=-CELT/2.

TIME=C.O

FUEL=C. ,

DO 9CC I=1,1CCGCOO

IF(TIMELGT.FINTIM)GO TO 1C00 |

CALL FCN(TIME,PHIX,DPX,PHIY,DPY,PHIZ,0PZ,
CELL1IR,CEL12R,DEL13R,MIINT,M2INT,M3INT,
FCN1,FCN2,FCN3,FCN4 4FCN5,FCN6,
FCN7,FCN8,FCN9,FCN10,FCNL1,FCN12)

SUM=PHIY+PHIZ

DIFF=PFIY-PHIZ

DSUM=ALY®DPY+AL1Z%DPZ

CUIFF=ALY®DPY-A1Z*DPZ

DOPXT=0.

DOPYT=0.

DDPZT=0.

FUELA=0. |

IF (ABS(EX).LT.PD8) GO TO 100

BOPXT=CCPXT+SIGN(AMX yEX )

FUELA=FUELA+4.%DELT

IF(ABS(EY).LT.PDB) GC TO 110

COPYT=CDPYT+.5%SIGN(AMY,EY)

COPZT=COPZT+.5%SIGN(AMZ,EY)

FUELA=FUELA+2.%DELT

IF (ABS(EZ).LT.PDB) GO TO 120

DCPYT=CCPYT-.5%SIGN(AMY,EZ)

COPZT=CCPZT+.5%SIGN(AMZ,EZ)

FUELA=FUELA+2.%*DELT

CONTINUE

AB11=ABS(DELIIR)

AB12=ABS(DEL1Z2R)

AE13=ABS(DEL13R)

TF(AB11.GE+GSTOP.CR.ABL2.GEGSTOP.OR.ABL13.GE.GSTOP)GO TQ S10
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IF(ABS(CDPXT).GT.AMX/4.0) GO TG 3cCO
IF(ABS(CDPYT).GT.AMY/4.0) GO TO 3CO
IF(ABS(CDPZT).GT.AMZ/4.0) GO TG 3CO
IF(TIME.LTLTEST) GO TO 400
TEST=TeST+PRLEL
GO TC 310
3CO CONTINUE
PRCOX=CDPXT*MRX
PRODY=CCPYT*MRY
PRCOCZ=COPZT*MRZ :
IF(PRCOXeLT«Co) WRITE(6,197) .
[F(PRCCY.LT.0.) WRITE(6,198) :
IF(PRCCZ.LTCe) WRITE(6,199)
197 FORMAT(* ', *%2xxX-AXIS GAS THRUSTERS CPPOSE CMGS*%%x!)
198 FURMAT(* ', *#2%Y-AXIS GAS THRUSTERS CPPCSE CMGS*%x%')
199 FURMAT(* ¢, " 4%87-AXIS GAS THRUSTERS CPPOSE CMGS*%%1)
310 WRITE(6,200)TIMELPHIX;TRXV,COPXT,DPX
WRITE(E,201)PHIY,,TRYV,,CCPYT,,0PY
WRITE(E,202)PHIZ,TRZV,0CPZT,DP2Z
WRITE(E,203)CELLL,CELL12,CELL34MTRXD
WRITE(€,204)SUM,DSUM,DIFF,CDIFF
WRITE(€,205)FUEL
4C0 FUEL=FUEL+FUELA
CALL INTGRL(TIME,CELT4FCNL1,FCN2y FCN3,FCN4,FCNS5,FCNb,

$ © FCNT7,FCN8,FCN9,FCN10Q,FCN11,FCN12,
$ PHIXsCPXyPHIY DPY,PHIZ,DP2Z,
b CELLIR,DEL12R,DELLI3RyMLIINTM2INT,¥3INT)

DELL11=CEL LIR*RADIAN
DEL12=CEL12R*RADIAN
DEL13=CEL 13K*RADIAN
TIME=TIME+DELT

9G0 CONTINUE
GO TG 1G00

910 NRITE(6'920)
920 FORMAT(' ', 0%%x%GIVBAL ANGLE EXCEEDS GIMBAL STOP*#%x%?)

WRITE (&, ZOO)TIME PHIX,TRXV,00PXT,DPX
WRITE(E,201)PHIYTRYV,COPYT,CPY
WRITE(E4202)PHIZ,TRZV,00P2T,0P2
WRITE(6,204)SUM,DSUM,DIFF,0DIFF
WRITE(6,203)CEL11,CELL2,CELL34MTRXD
WRITE(6,205)FUEL

200 FORMAT(®* *,*TIME 2EL12.4,5Xy 'PHIX =",E13.545X,TRXV =1%,E13.5,

=1
$ 5Xy 'COPXT =9,E13.5,5X,'DPX  =',E13.5)
201 FORMAT{25X,'PHIY =%,E13.5,5X,*TRYV =?',E13.5,5X,'D0PYT =1,E13.5,
$ 5X, 'CPY  =',E13.5)
202 FORMAT(25X, 'PHIZ =9,E13.545X,9TRZV =',E13.5,5X, 'COPZT =',E13.5,
$ 5Xy*CPZ  =',E13.5)
=

203 FCRMAT(25X,°*CELL] 1E13.5,5X,'DELL12 ='4E13.5,5X,'DELLI3 =1,E13.5,
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% SXQ.MIRXD ='9E1305)

204 FURMAT(25X,'SUM =V EL13.595Xs'DSUM
$ 5X, 'COIFF =*,E13.5)

205 FUORMAT{25X,'FUEL ='yE13.5/)

1C00 STCP ’ :

ENC

YW EL3.5¢5Xy'DIFF  ='9E13.5,
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SUBRCLTINE INTGRLI(TsH, FCvaFCNZ,FCNBpPCN4 FCN5,FCNG6,
b FCNT,FCNByFCNGFCNLO FCNLL1,FCNL12,Y19Y2,Y34Y4,Y5,Y6
$ Y7,Y8,Y9,Y10,Y11, Y12)
H2=H/2.
CALL FCNIT, YI'Y20Y3'Y4 Y5,¥69Y7+Y8,Y9,Y10,Y11, Y12,FCN1,FCN2,FCN3,
$ FCN&,FCNS,FCN6,FCN7,FCN8,FCN9, FCN10yFCN11,FCNL2)
Pl=kK*FCN1
P2=H*FCN2
P3=H®FCN3
4=H®FCN4G
P5=H2FCN5
Po=H®FCNG6
P7=H*FCN7
PB8=H*FCNS
PI=H*FCN9
P10=H*FCN1O
PlL1=H*FCN11
PL2=F*FCN1Z
CALL FCN(T+HZ,Y14P1/2.9Y24P2/2.9Y34P3/2.9Y4+P4/2.3Y54P5/24s
$ YE4P6/20 g VT4PT/2¢ s YB4PB/249YT4PI/2.,Y104P10/2.,Y114P11/2.4,
$ Y124P12/2.4FCNL1,FCN2,FCN3,FCN4,yFCNS, FCN69FCN7'FCN8 FCNS,
$ FCN1O,FCN11,FCN12)
QLl=H%*FCN1
Q2=H*FCN2
Q3=H*FCN3
Q4=H*FCN4
Q5=H*FCN5
Q6=H*FCNG6
Q7=H*FCN7
Q8=H*FCNS8
CQI=HEFCN9
Q10=H*FCN1O
Qll=H##CN11
Ql2=F#%*FCN12
CALL FCN{T#+HZ, Yl*Ql/Z..Y2+QZIZ.,Y3+Q3/2.'Y4+Q4/2..Y5+C5/2.. .
$ ¥6+Q6/2.,Y7+Q7/2.,Y8+Q8/2.'Y9+09/2.oYlO*QlO/Z.,Y11+Qll/2.y
$ Y12+Gl2/244FCNL4FCN2yFCN3,FCN4FCN5,FCN6,FCNT, FCNB FCNS,
$ FCN1O,FCN11,FCN12)
R1=H*FCNI1
R2=H*FCN2
R3=H*FCN3
R4=H*FCN&4
R5=H*FCNS
R6=H*FCN6
R7=H®FCNT
B=H*FCNB
RY=H*FCNI
R10=H*FCN1G
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RllsH%FCN11
R12=h%FCN12

CALL FCN(T+H,YL+R14Y24R2,4Y3+R3I,Y44R4,Y54RS5,YE+RE6,YT+RT,Y8+R8,
$ YG4+RG,,YIO+R10,Y1L14R11,Y12+R12,FCN1FCN2,FCN3, FCN4 FCNS,FCNG,
$ FCN74.FCNBy FCN9yFCN1O,FCNLI1,FCN12)
S1=H%*FCN1

S2=H*FCN2

S3=H*FCN3

S4=H%*FCN4

S5=H*FCN5

S6=H*FCN6

ST=H*FCN7

S8=H%#FCNS

S9=H%*FCN9

S10=H*FCNI1O

S11l=H%FCN11

S12=HxFCN12
YLI=Y14(P1l+2.%(Q1+R1)+S1)/6.
YZ2=Y2+4(P242.%1Q2+R2)+52) /6.
Y3=Y34(P3+42.%((Q3+4R3)+S3)/¢6.

Ya=Y44 (P4+2.%(Q4+R4)+S4) /6,
YS5=YS54(P5+42.%((54R5)+S55) /6.
Yo=Y6+4(P6+2.%(Qb6+RE)+S6) /6.
YT=YT+(PT742.%(QT+R7)+S7)/6.
YB=Y8+(PB+2.#2(CB+R8B)+S58)/6.
Y9=Y94({PI+2.%(Q9+RI)+S9) /6.
Yi0=YIC+(P1O+2.*%(Ql0+R10)+510)/6.
Yil=Y1l1l4(P1l1l+42.%(Cl1+R11)+Sll)/6.
Y12=Y12+(PL1242.%(Q124R12)+4S12)/6.
RETURN

EnND
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SUBROUTINE FCNI(TIME,PHIX o DPXyPHIY,CPY,PHIZ,DPLZ,

b DPELLIR,DELL12R,DELLI3R,MLIINT,M2INT,M3INT,
$ FCN1yFCN2,FCN3yFCNGyFCNS o FCN6yFCNT,FCNS,
$ FCN9yFCN1O,FCNLL,FCNL12)

RLAL MXCMND oyMYCMND,MZCMNDyMXCMDE yMYCMDE yMZCMDE yMRX s MRY 4yMRZ, MTRXC,
$  INERTX,INERTY,INERTZ M1,M2,M3 ,MIINT,N2INT,M3INT
CGMMON RACTAN, INERTX, INERTY o INERTZyFPX,FPY,FPZFOPX,FDPY,FDPZ
COMMCN/BL/CLCTL11,0LDTL2,D0LDT13,MXCMNC yMXCMDE ¢ MRX 3 MRY 4 MRZ 4 MTRXD,
$ DDT11C,CDT12C,CDT13C,0CEL31R,DEL32RyDEL33R,CUTOFF,GSTCP,
$ © EXgEYeEZ ODPXT,COPYT,CCPZT4TRXV,TRYV,TRZV
CUMMCN/B4/ALXy ALY A1Z,PRX,PRY,PRZ
All= SIN(DEL1IR)®CCS(DEL31R)
Al2= CCS(DEL12R)
A13=-SIN({DEL13R)*SIN(DEL33R)
A21=-SIN(DELILIR)I*SIN(DEL31R)
A22= SIN(DEL12R)*COS{DEL32R)
A23= CCSIDEL13R)
A31= CCS(DELI1IR)
A32=-SIN(DEL12R)*SIN(DEL32R)
A33= SIN(CEL13R)*CCS(DEL33R)
MTRXD= ALL1*A22%A33+4A12%A23%A314A21%A32%A13
$ -A13%AZ2%A3]1-A12%A21%A33-A23%A32%A11
IF(ABS{MTRXC) LT CUTOFF)IMTRXD=SIGN(CUTOFFMTRXD)
Tll=( AZ2%A23-A23%A32)/MTRXD
T12=(-A12%A233+4A13%A32)/MTRXD
T13=( Al2%A23-A13%A22)/MTRXD
© T21=(-A21%A334A23%A31)/MTIRXD
TZ22=( All%A23-A13%A31)/MTRXD
T23=(-A11%A23+4A13%A21)/MTRXD
T31l=( A21%A32-A22%A31)/MTIRXD
T32=(-A11%A32+4A12%A31)/MTRXD
T33=( Al1%A22-A12%A21)/MTRXD
DDT11R=5.%M1INT
ODT12R=5.%N2INT
DCT13R=5.%M3INT
CLCT11=CDT11R*RADIAN
CLCT12=CDOTL12R*RADIAN
DLCT13=CDT13R*RACIAN
PXF=PHIX :
PYF=PHIY+PHIZ
PLF=PKIZ-PHIY »
IF(ABRS(PXF)GToPRX) PXF=SIGN(PRX,PXF)
IF(ARS({PYF)GT.PRY) PYF=SIGN(PRY,PYF)
IF(ABS(PZF)«CT.PRZ) PZF=SIGN(PRZ,PZF)
EX==(ALX®DPX+PXF)
EY=-(ALZ*CPZ+AL1YXCPY+PYF)
EZ=—-(A12%DPZ-AlY*DPY+PZF)
MXCMNC=FPX*EX/RADIAN
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MYCMNC=FPY#*(EY-EZ)/RADIAN
MICMNC=FPZ*(EY+tZ)/RADIAN
MRX=(A11%DCT11R+A12*0ODT12R+A13%DDT13R)%*60.
MKY=(A21%CCT11R+A22*CDT12R+A23%DCT13R)*60.
MRZ=(A31%CCT11R+A32%CDT12R+A33#DDT13R)*60.
TRXV=RADIAN®NRX/INERTX

TRYV=RADIAN*MRY/INERTY

TRZV=RACIAN%MRZ/INERTZ

MXCMCE=MXCMND-MRX

MYCMCE=MYCMND-MRY

MZCMDE=MZCMNC-MRZ
DDTL11C=(TL11*MXCMDE+T12*MYCMDE+T13%MZCMDE)/60.
DDT12C=(T21*VMXCMDE+T22%MYCMDE+T23%MZCMDE) /60.
COT13C=(T31*MXCMDE+T32%MYCMDE+T33%MICMDE)/60.
DOT11G=2.%00DT11C

DDT12G=2.%0CDT12C

OCT13G=2.%CDT13C

TCMTRL=4.5/RADIAN
IF(ABS(CDT11G)GTTAMTRL)ICDTL1G=SIGN(TQMTRL,DDT11G)
IF(ABS(CDT12G)GT .TQMTRL)ICDT12G=SIGN(TQMTRL,DDT12G)
IF(ABS(CDT13G)GT.TGMTRL)IDDOT13G= SIGN(TQFTRL.DDTISG)
FCNl=CPX

FCN2=TRXV+DDPXT

FCN3=CPY

FCN4=TRYV+CDPYT

FCN5=CPZ

FCN6=TRZV+DDPZT

"FCN7=CCTL1R

FCN8=CCT12R

FCN9=COT13R

FCN10=DDT11G-DDT11R

FCN11=CDT12G-CDT12R

FCN12=CDT13G-CDT13R

RETURN '

END



